Introduction
Virus-specific CTLs likely play a central role in disease pathogenesis by limiting viral replication and thus are likely critical components of the protective immunity induced by candidate vaccines for chronic viral infections such as HIV and hepatitis C virus (1) (2) (3) (4) (5) . For most viruses, far fewer potential epitopes are immunogenic than expected based on favorable motifs for class I binding (6) (7) (8) . Some epitope-specific CTL responses are consistently detected at high frequency in persons sharing the restricting HLA class I molecule and are termed immunodominant whereas other epitopes elicit less frequent responses and are termed subdominant (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In many of these cases, this dominance hierarchy is predictable, but the mechanisms governing it are poorly understood.
The most detailed data on CTL responses in a chronic human viral infection derive from studies of the HIV epidemic using IFN-γ ELISPOT assays. In the chronic phase of HIV infection, an average of 5 to 27 different epitopes are targeted in a given individual (9, 14, (16) (17) (18) 20) . Multiple reports have shown that there is no consistent relationship between magnitude or breadth of these IFN-γ responses and viral load (9, 14, 15, (21) (22) (23) , suggesting that they my differ in their antiviral potential (16, (24) (25) (26) (27) . Immunodominant responses are not necessarily protective (28) whereas some subdominant responses have been associated with lower viral loads (22, 23) . Furthermore, narrow immunodominant CTL responses may select viral escape mutants, suggesting that an optimal vaccine should elicit broader CTL responses. Therefore, understanding factors contributing to HIV epitope hierarchy is necessary for rational vaccine design since it may be required to enhance protective CTL responses and to avoid stimulation of nonprotective responses.
The recognition of HIV-infected cells as well as the immunogenicity of candidate vaccines depends on the presentation of an epitopic peptide at the cell surface. This is the final step in a multistage process of intracellular antigen processing, raising the question as to whether HIV epitope hierarchy may be related to differences in kinetics or quantity of epitope production. CTLs recognize HIV epitopes that are produced via intracellular processing pathways and presented by MHC-I molecules. Thus the processing of viral peptides and their intracellular association with MHC-I molecules represent key steps leading to immune recognition - steps that are not examined in the IFN-γ ELISPOT assays currently widely used to assess antiviral immunity.
Current knowledge of viral antigen processing is largely based on congenic experimental mouse models, often with experimental antigens such as ovalbumin or with pathogens containing very limited genetic variability. These studies first identified multiple possible factors that alone or in combination are involved in the efficiency of epitope presentation and in immunodominance (29, 30) . Immunodominance is due, in part, to the MHC-I-binding affinity of peptides present in the ER, since multiple peptides compete for a limited number of class I molecules (31, 32) . Those with the lowest affinity are unlikely to bind MHC-I and are subsequently degraded (33) . Notably, immunodominant peptides are not always those with the highest affinity for a given MHC-I molecule, as shown in murine models (29, 34, 35) , an observation that has been extended to EBV (36) , and HIV epitopes (23) . Another factor involved in epitope hierarchy is the amount and kinetics of protein production. This has been shown for several viruses such as lymphocytic choriomeningitis virus (LCMV) (37) , EBV (13) , and vaccinia virus (12) , in which earlier proteins are expressed, processed, and presented first, and may also be true for HIV since the most immunodominant responses are located in early accessory proteins such as Nef and highly expressed proteins like Gag (38) (39) (40) . Nevertheless, within Gag and Nef lie subdominant epitopes, suggesting that other cellular factors are involved. TCR repertoire and epitope affinity for the TCR also play a role in immunodominance (29, (41) (42) (43) (44) .
In addition to the above factors, the efficiency of antigen processing has been shown to influence viral epitope hierarchy in animal models (29, (45) (46) (47) (48) (49) . The processing of epitopes from ubiquitinylated proteins or from defective ribosomal translation products relies on sequential cleavages, mainly by the proteasome and other amino- or endopeptidases in the cytosol and in the ER (reviewed in ref. 50 ). Poorly processed epitopes or epitopes with a low affinity for transporter associated with antigen processing (TAP) will be less likely to enter the ER and be loaded onto the MHC (29, 34, 46) . The importance of antigen-processing efficiency on epitope hierarchy is indirectly demonstrated by the effect of mutations impairing epitope production and presentation. Artificial mutations in flanking regions of mouse viral epitopes (48, (51) (52) (53) (54) (55) as well as naturally occurring mutations flanking HIV (56, 57) or HCV epitopes (58) have been shown to impair their processing and presentation and to lead to CTL escape. Mice deficient in an ER aminopeptidase (ERAAP/ERAP1) (59, 60) or in immunoproteasome subunits (61) involved in epitope trimming present a different pattern of viral and cellular CTL immunodominant responses than WT mice, strongly supporting the role of finely tuned antigen-processing activities in establishing immunodominance. Interestingly, alterations in immunodominance patterns in ERAP1-deficient mice were not observed with full-length ovalbumin but rather with viral epitopes, highlighting the importance of tailored studies of viral epitope processing in their natural host (60) .
Despite advances in understanding antigen processing in experimental murine models and the identification of antigen-processing mutations in human pathogens, the contribution of antigenprocessing efficiency to epitope hierarchy in human primary cells infected with genetically evolving natural pathogens is largely unknown (62) . In particular, no study we know of has identified elements leading to efficient or inefficient epitope production, partly due to the lack of appropriate assays. Yet this information is critical in order to control epitope presentation in the context of a vaccine vector. The precise characterization of CD8 + T cell responses and viral epitopes targeted in chronic human viral infections such as HIV provides an opportunity to define the role of antigen processing in epitope production efficiency and eventually in immunodominance.
HLA-A3 is a common class I allele in humans expressed in up to 25% of people of European descent (63) , and several HLA-A3-restricted HIV-1 epitopes have been identified. These include 2 overlapping Gag epitopes, only 1 of which is consistently immunodominant (18, 19, (64) (65) (66) . Here we take advantage of the overlap between these 2 epitopes to examine the relationship between antigen processing and immunodominance. We have studied the processing and presentation of the dominant and subdominant epitopes using 3 independent assays: endogenous processing and presentation of epitopes in cell lines expressing HIV proteins, cells transfected with peptides by osmotic loading, and what we believe is a novel in vitro degradation assay using primary cell extracts. We show that the endogenous processing and presentation of the immunodominant epitope is more efficient than that of 2 subdominant epitopes and that the cytosolic degradation of a Gag fragment preferentially generates peptides encompassing the immunodominant epitope and lacking the subdominant epitope. Moreover, we demonstrate that the flanking regions of these dominant and subdominant epitopes can be placed adjacent to other subdominant epitopes and similarly have an impact on kinetics and magnitude of the epitopes produced. Such portable epitope processing determinants as well as point mutations we have defined within these regions that can reduce or enhance epitope production provide what we believe are novel means to modulate epitope presentation in vaccine vectors.
Results
Endogenous processing and presentation of the immunodominant HLA-A3-restricted p17 RK9 epitope is more efficient than that of subdominant Gag or RT epitopes. We first compared the endogenous processing and presentation of 2 well-defined and overlapping viral CTL epitopes derived from the HIV-1 Gag protein, KK9 (KIRLRPGGK, aa 18 to 26 in HXB2 sequence) and RK9 (RLRPGGKKK, aa 20 to 28). Earlier studies had shown that both epitopes are recognized following acute infection but that the CD8 + T cell response to RK9 is consistently of greater magnitude (18, 19, (64) (65) (66) . HLA-A3 + HeLa cells were transiently transfected with a CMV-driven vector expressing HIV-1 LAV p17 and used as targets in a 51 Cr release assay with RK9- and KK9-specific CTL clones. We first compared the killing capacity of the untransfected cells by the CTL clones. HLA-A3 HeLa cells were incubated with equal amounts of RK9 or KK9 (20 nM to 0.5 μM) peptide and used as targets in a 51 Cr release assay with RK9- and KK9-specific CTLs (67) ( Figure 1A ). RK9-pulsed target cells were more sensitive to RK9-specific CTL lysis than KK9-pulsed cells to KK9-specific CTL lysis, likely due to a higher affinity of RK9 for HLA-A3 and/or to the TCR. Similar results were obtained with 2 additional clones from different patients (not shown). Next we examined the ability of the CTLs to lyse p17-transfected target cells and observed that lysis reached 35.5% with RK9 CTL clone whereas it was only 4.5% in the presence of the KK9 CTL clone ( Figure 1B ), representing much greater differential killing by the 2 clones than was observed with peptide pulsing. We next determined the amount of KK9 and RK9 peptide required to reach the levels of lysis observed in the transfected cells in order to assess whether differential processing and presentation of these epitopes contributed to these differences. The concentration of RK9 required to achieve the maximal lysis (35.5%) with RK9-specific CTL clone is 5 nM and therefore 3.3-fold greater than the 1.53 nM KK9 needed to reach 4.5% lysis. This result suggests that MHC-RK9 complexes were present in higher quantities, and that, in addition to the difference in peptide affinity, differential processing and presentation of RK9 and KK9 contribute to the lower recognition of target cells by the KK9 CTL clone.
In order to better control for peptide affinity, we analyzed the endogenous processing of 2 high-affinity HLA-A3 epitopes, the immunodominant p17 RK9 and a well-defined subdominant epitope in the reverse transcriptase protein ATK9 (AIFQSSMTK), which is first presented by HLA-A3 during the chronic phase of HIV infection (68) . Peptide titration experiments showed similar lysis percentages of peptide-pulsed cells by RK9- and ATK9-specific CTL clones ( Figure 1C) , indicating similar affinity. We next engineered an RT construct (RT-5-RK9-3) with a 17-residue C terminal extension from Gag p17 encompassing RK9 and its flanking sequences (RWEKIRLRPGGKKKYKL, designated 5-RK9-3 based on the length of sequences flanking RK9), allowing for equal expression of RT and p17 sequences in transfected cells. HLA-A3 + HeLa cells transfected with RT-5-RK9-3 were used as targets in a 51 Cr release assay with RK9 and ATK9 clones ( Figure 1D ). Once again, the recognition of target cells by RK9 CTLs (31.6% lysis) was much higher than by ATK9 CTLs (7.5%) despite equivalent sensitivity of peptide-pulsed cells to lysis by these clones. By comparing the lysis percentage of transfected cells to that of peptide-pulsed cells ( Figure 1 , C and D), we estimated that there was 4.3 fold more RK9 than ATK9 displayed by HLA-A3 (4 nM ATK9 and 18.3 nM RK9 needed to reach the lysis percentage of the hybrid RT-p17 protein). This suggests that the processing and presentation of RK9 was more efficient than that of ATK9. Similar results were obtained when target cells were transfected with a vector encoding p17 with a C terminal extension of an RT fragment (5-ATK9-3) (data not shown). These data indicate that the endogenous processing and presentation of RK9 in the context of its natural flanking sequences is more efficient than that of subdominant epitopes, regardless of the position of the p17 fragment in the transfected protein.
Cytosolic processing favors the production of peptides containing an immunodominant epitope. The above data led us to hypothesize that the processing of Gag p17 leads to more efficient production of RK9 and may thereby contribute to the immunodominance of this epitope, and these differences might be useful to identify intracellular events leading to efficient epitope presentation. The expression of peptidases involved in antigen processing varies in different mouse cell lines (69) and upon IFN-γ treatment (49, 70, 71) . In order to analyze viral antigen processing in humans in a relevant in vitro experimental system, we used cytosolic or whole-cell extracts from fresh or phytohemagglutinin-activated (PHA-activated) healthy human PBMCs, which contain all the peptidases required for antigen processing in a tissue targeted by the virus. We took advantage of the overlap between dominant RK9 and subdominant KK9 to assess the contribution of antigen processing to epitope hierarchy and to quantify the production of 2 epitopes produced from the same longer peptide.
A 17-mer peptide (RWEKIRLRPGGKKKYKL) encompassing KK9 and RK9 and corresponding to the C terminal p17 tag added to RT for endogenous processing studies ( Figure 1D ) was incubated with PBMC-derived cytosol for increasing periods of time, and the resulting peptide products were identified by mass spectrometry (Figure 2A) . Digestion products were fractionated on a C18 column and quantified by reverse phase HPLC (RP-HPLC) as described previously (56) . Each peptide was identified by a unique peak at a defined elution time and quantified by the surface area under peak ( Figure 2B ). Over time, the 17-mer peptide was degraded into shorter fragments, some of which included both epitopes (RK9 + /KK9 + ) whereas others contained only the RK9 (RK9 + /KK9 -, that is, including the entire RK9 sequence but incomplete KK9 sequence) or KK9 (RK9 -/KK9 + ) epitope or neither epitope. Notably, after a 10-minute digestion, RK9 + /KK9 -peptides, lacking KK9 because of a cleavage event after position 1 or 2 within KK9, were already detected. The concentration of these RK9 + /KK9 -peptides increased to 25.9 μM at 60 minutes and reached a maximum of 37.6 μM at 180 minutes, at which point only RK9 + /KK9 -peptides were detected ( Figure 2B ). Optimal RK9 and KK9 epitopes were generated in cytosol after a 60- or 120-minute digestion, as previously reported for a single HLA-A3-restricted Nef peptide (72) . After a 3-hour digestion in cytosol, the optimal RK9 and KK9 epitopes were no longer detected, suggesting that they were further digested by cytosolic peptidases. However, potential precursors of RK9 were still detected at this time, highlighting the stability of these epitope precursors in cell extracts. These data indicate that
Figure 1
The endogenous processing of an immunodominant Gag epitope is more efficient than that of subdominant epitopes. (A) HLA-A3 HeLa cells were pulsed with decreasing amounts of p17 Gag immunodominant RK9 (squares) or p17 Gag subdominant KK9 (triangles) and used as targets in a 51 Cr release assay with RK9-or KK9-specific CTLs respectively. (B) HLA-A3 HeLa cells transfected with a CMV-driven HIV-1 LAV p17 expression vector (schemed above the graph) were used as targets in a 51 Cr assay with RK9-(black bars) or KK9-specific (gray bars) CTLs. The recognition of endogenously processed RK9 and KK9 epitopes by specific CTLs (left side) was compared with that of transfected cells pulsed with 0.1 μM RK9 or KK9 peptides (right side). (C) p17 immunodominant RK9 (squares) and RT subdominant ATK9 (circles) peptide titration on HeLa-A3 cells. (D) HLA-A3 HeLa cells transfected with a CMV-driven vector expressing a HIV-1 LAV RT fragment (HXB2 residues 153-560) with a C terminal p17 sequence (5-RK9-3; according to the position of RK9) (schemed above the graph) were used as targets in a 51 Cr assay with RK9-(black bars) or ATK9-specific (gray bars) CTLs. The recognition of endogenously processed RK9 and ATK9 epitopes by specific CTLs (left side) was compared with that of transfected cells pulsed with 0.1 μM RK9 or ATK9 peptides (right side). Lysis of cells without peptides or with mismatched peptides was below 3%. All data represent averages of 3 experiments.
peptide degradation favors the production of peptides containing or limited to RK9 whereas production of KK9 was limited.
The expression of certain aminopeptidases or endopeptidases and subunits of the immunoproteasome are increased upon activation, which may induce the generation (49, 70) or destruction (71, 73) of some epitopes. We therefore compared the degradation of Gag 17-mer in cytosol prepared from either fresh PBMCs or PBMCs stimulated with PHA for 2 days. Degradation of the 17-mer was faster in PHA-activated PBMCs (100% degradation in 5 minutes with PHA-stimulated versus 30 minutes in fresh PBMC cytosol). Nevertheless, PHA-stimulated PBMC cytosol produced the same peptides, with a majority of RK9 + /KK9 -peptides (not shown). These results show that in both fresh and activated PBMCs, the cytosolic degradation of Gag fragments favors the production of the immunodominant RK9 epitope. Similarly, digestion experiments with whole PBMC extracts - which contain cytosol and ER extracts - also yielded a majority of RK9 + / KK9 -peptides (not shown). The pattern of peptides produced was independent of the HLA type of the donor (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI32047DS1). Overall, our data show that degradation of Gag sequences by cytosolic or whole-cell extracts leads to the production of many peptides that encompass the dominant RK9 epitope. Generation of peptides containing the subdominant KK9 epitope is limited, however, largely due to frequent cleavage after the first or second residue of KK9.
To confirm that the identity of the digestion products did not depend on the length of original peptide used for these experiments, we performed similar digestions using shorter p17 peptides (such as 5-RK9-2, 5-RK9-1, 5-RK9, 4-RK9-2, 4-RK9-1, 4-RK9, 3-RK9-2, 3-RK9, 2-RK9, based on the length of the N extension; not shown) and a 32-mer encompassing both epitopes ( Figure  2C ). Again, degradation favored RK9 + /KK9 -peptides, which accumulated over time. After a 2-hour digestion, RK9 + /KK9 -peptides previously detected during the degradation of Gag 17-mer reached 9 μM (data not shown). KK9 was frequently destroyed by a cleavage after K or I similar to what was observed during the 17-mer degradation ( Figure 2C ). With the 32-mer peptide, RK9 appeared after 2 hours of digestion, but KK9 remained undetectable, likely due to a slower processing of the 32-mer. Otherwise, peptides that were detected during digestion of the 17-mer, such as 5-RK9, 2-RK9, and 1-RK9-2, were found when using a 32-mer (compare Figures 2A and 2C) . Some new peptides, such as 4-RK9-2 and 4-RK9, were also detected. In vitro degradation of these peptides in PBMC cytosol also led to a preferential production of peptides containing RK9 and destroying KK9 (data not shown). These results show that cytosolic processing of a Gag sequence leads to a majority of peptides encompassing the immunodominant epitope and a progressive loss of peptides that encompass the subdominant sequence, in accordance with a more efficient endogenous processing of the immunodominant epitope shown in Figure 1 .
The cytosolic degradation products of a Gag sequence are preferentially targeted by the dominant RK9 CTL response over the subdominant KK9 CTL response. To assess the antigenicity of peptides present in the Gag 17- or 32-mer digestion products and how it compared with endogenous processing of RK9 and KK9 analyzed in Figure 1 , we pulsed HLA-A3 + B cell line with the Gag digestion products and evaluated presentation to KK9- and RK9-specific CTL clones in a 51 Cr release assay. We first determined conditions for which optimal epitopes and extended peptides of various lengths would elicit different CTL responses, using a panel of synthetic peptides. We measured RK9 and KK9 CTL responses elicited in a 51 Cr release assay using different concentrations of peptides and CTL clones derived from 2 HIV-infected persons (67) . Pulsing B cells with 0.25 μg/ml peptides allowed the elicitation of CTL responses that increased as peptide length became closer to the optimal sequence ( Figure 3A) . The 17-mer and peptides longer than 5-RK9 did not elicit RK9 or KK9 CTL responses (all <4% lysis). Peptides shorter than 4-RK9 and encompassing both RK9 and KK9 (4-RK9, 3-RK9, 2-RK9) elicited specific RK9 and KK9 CTL responses ranging from 15% to 45%. B cells pulsed with RK9 or KK9 at 0.25 μg/ml were lysed by corresponding CTLs (56% and 45% lysis, respectively) and not recognized by the nonspecific clone (<2.4% lysis). Lysis of peptide-pulsed cells was similar with RK9 and KK9 CTLs at 0.25 μg/ml but decreased more rapidly for KK9-specific responses when lower peptide dilutions were used due to the lower affinity of the KK9 sequence for HLA-A3 (see Figure 1) . During the digestion of the 17-mer, none of the peptides used in the titration experiments represented more than 50% of the total peptides; therefore we measured the antigenicity of the 17-mer digestion products at 0.5 μg/ml. The RK9-specific CTL lysis induced by 5-RK9-3 digestion products reached 48.9% for the 3-hour time point, corresponding to the production and accumulation of RK9 and extended peptides shorter than a 12-mer encompassing RK9. In contrast, KK9-specific CTL lysis never exceeded 10.6% and decreased between 2 and 3 hours of digestion ( Figure 3B ). Similar results were observed when degradation products from the 32-mer were used to pulse HLA-A3 B cells although the maximum lysis was only 24% and 5% for RK9- and KK9-specific responses, respectively (not shown). In addition, we tested 2 different RK9 and KK9 CTL clones and found the same results. These data show that in vitrodigested p17 fragments elicit a strong RK9 CTL response and a weak KK9 CTL response, in accordance with results of endogenous processing of p17 presented in Figure 1 .
N terminal flanking sequences are major determinants of epitope processing efficiency. The above data suggest that the preferential pro-
Figure 2
The cytosolic processing of Gag fragments facilitates the generation of an immunodominant epitope and the progressive loss of the subdominant one. 8 nmol of a Gag 17-mer (A) or 32-mer (C) were incubated with 40 μg PBMC cytosol for increasing periods of time. Peptides encompassing both epitopes (black bars), RK9 only (blue bars), KK9 only (green bars), or no epitope (white bars) were identified by mass spectrometry. Optimal RK9 and KK9 are indicated with blue and green stars. Another HLA-A3 epitope, RY10 (RLRPGGK-KKY), codominant with RK9 in acute infection (19) , was detected (white star). (B) Digestion products were fractioned on a C18 column and identified and quantified by RP-HPLC. Each peptide is identified by a unique peak at a defined elution time and quantified by the surface under peak. The column was calibrated with defined amounts of peptides covering the corresponding HIV sequence. The identity of the peptides in the digestion mix was confirmed by mass spectrometry. Peptides containing RK9 and KK9 epitopes (RK9 + /KK9 + , circles), RK9 only (RK9 + /KK9 -, squares), or KK9 only (RK9 -/KK9 + , triangles) were quantified over a 3-hour digestion with PBMC cytosol. Data are the average of 3 experiments performed with extracts from 3 healthy donors. The kinetics of peptide production using both the 17-mer and the 32-mer was affected by the amount of cytosol used for the experiment, with high amounts of cytosol yielding a more rapid appearance of RK9 and KK9 (not shown).
duction of peptides encompassing RK9 contributes to immunodominance, but other factors including affinity of peptide for HLA-A3 or for the TCR and the stability of the HLA peptide-TCR interaction may also contribute to a strong RK9 CTL response. Therefore, we sought to determine the potential contribution of flanking sequences to epitope production efficiency, independent of the binding affinity of dominant and subdominant epitopes to HLA class I or to the TCR. We designed hybrid peptides with various flanking sequences surrounding the subdominant RT epitope ATK9 (AIFQSSMTK), which exhibits less efficient endogenous processing and presentation than RK9 (Figure 1 ). The degradation of WT ATK9-containing peptides, such as 4-ATK9-2 (Supplemental Figure 1 ) and other ATK9 peptides with N and C extensions (Supplemental Figure 2 and data not shown) was similar to that observed for RK9 and KK9, with a rapid production of optimal ATK9 and extended peptides in cytosol. We compared the processing of a 17-mer WT ATK9 peptide (WT-ATK9-WT, WKGSP-ATK9-ILE) to hybrid peptides where the ATK9 epitope is flanked by sequences from the immunodominant RK9 (RWEKI-ATK9-YKL; named DOM-ATK9-DOM) or from the subdominant KK9 (ldrwe-ATK9-kky; named sub-ATK9-sub) ( Figure 4A ). Peptides were digested with PBMC extracts, and the identity and amount of digestion products were determined by mass spectrometry and RP-HPLC profile analysis ( Figure 4A ). We normalized to 100% the amount of ATK9 produced during the degradation of WT-ATK9-WT after a 1-hour digestion.
Despite large differences in sequences between WT and hybrid peptides, ATK9 was produced from all 3 peptides, as measured by RP-HPLC and mass spectrometry, suggesting that major changes in flanking sequences are tolerated as long as they do not impair peptidase activities or create intraepitope cleavage sites. After a 1-hour digestion using cytosolic extracts, DOM-ATK9-DOM yielded 3.6 times more ATK9 than WT-ATK9-WT and 8 times more ATK9 than sub-ATK9-sub ( Figure 4A ). After 3 hours, the amount of ATK9 produced during WT-ATK9-WT or DOM-ATK9-DOM degradation was 2.6 times higher and 6.9 times higher, respectively, than what was produced in 1 hour from WT-ATK9-WT, showing that precursors of ATK9 were being trimmed to optimal epitopes. In contrast, the amount of ATK9 generated from sub-ATK9-sub did not increase over time. The analysis of digestion products using mass spectrometry showed that the N terminal extension DOM-ATK9-DOM peptide was shortened faster than those from WT-ATK9-WT and sub-ATK9-sub (Supplemental Figure 3) . In contrast, ATK9 in the context of sub-ATK9-sub was often destroyed by cleavages after position 1 and 2 in the epitope (Supplemental Figure 3) , similar to the degradation of KK9 from the Gag 17-mer and 32-mer. Peptides purified from the digestion mix at various time points were used to pulse HLA-A3 + B cells and perform 51 Cr release assays using ATK9-specific CTLs (Figure 4A) . Over the course of 3 hours, degradation products of WT-ATK9-WT triggered an increasing amount of lysis by ATK9-specific CTLs, with a plateau of 30.2% lysis observed after a 2-hour digestion. Digestion products from DOM-ATK9-DOM yielded better ATK9 responses with 42.7% lysis after only a 1-hour digestion (compared with 17.6% for WT-ATK9-WT) and a maximum of 47.9% lysis after 3 hours. This result is consistent with a faster rate of ATK9 production in the context of DOM-ATK9-DOM degradation than with the WT flanking sequences. In contrast, sub-ATK9-sub degradation products yielded low CTL responses, indicating inefficient production of peptides containing ATK9. These data show that flanking sequences play a major role in epitope antigenicity that is independent of peptide-binding affinity to HLA-A3 or to the TCR and that this occurs by modulating epitope production.
We next determined the contribution of N and C terminal flanking sequences on epitope processing efficiency. We exchanged N and C terminal extensions of RK9 and KK9 in the reporter peptides yielding DOM-ATK9-sub and sub-ATK9-DOM ( Figure 4B ) and examined the degradation of these peptides in PBMC extracts. DOM-ATK9-sub degradation products contained one-third less ATK9 than DOM-ATK9-DOM but triggered a similar ATK9-specific CTL lytic response (50.3% vs. 42.7% for DOM-ATK9-DOM), likely due to the efficient production of ATK9 with a single residue N or C terminal extension that is able to stimulate ATK9 CTLs. Mass spectrometry analysis of the digestion products showed a similar cleavage pattern in the N and C terminal extensions for both peptides (not shown). sub-ATK9-DOM and sub-ATK9-sub were the least efficient peptides at producing ATK9 and yielded the lowest CTL responses (15% and 18.3% lysis, respectively) in accordance with frequent cleavages within the ATK9 sequence ( Figure 4B ). Overall, these results indicate that processing of the hybrid epitope was mainly determined by the N terminal extension, since peptides containing the N terminal DOM sequence consistently exhibited the highest CTL responses. Both C terminal extensions may be equally suitable to producing the exact C terminal anchor residue.
Control of epitope production through point mutations in flanking sequences. Since the N terminal flanking sequence appears to play a determining role in reporter epitope processing, we aimed to define key residues in this region that would increase or decrease epitope production. Since the RK9 and KK9 flanking sequences overlap by 7 residues, the relevant changes are limited to 2 residues, of which 1 is an N terminal flanking residue (an isoleucine [I]
Figure 3
The degradation products of a Gag sequence led to a strong RK9 CTL response and a weak KK9 response. (A) 51 Cr-labeled HLA-A3 B cells were pulsed with 0.25 μg/ml synthetic peptides including KK9 or RK9 with various N or C extensions and used as targets in a 51 Cr release assay using RK9-(black bars) or KK9-specific CTLs (gray bars). (B) Gag 17-mer digestion products at 0.5 μg/ml were used to pulse 51 Cr-labeled HLA-A3 B cells used as targets in a 51 Cr release assay using RK9-(squares) or KK9-specific CTLs (triangles). Lysis percentages of peptide-pulsed or digestion product-pulsed targets were calculated after a 4-hour 51 Cr release assay. Data are the average of 3 experiments performed with extracts from 3 healthy donors. Similar results were obtained with RK9 and KK9 CTL clones isolated from 2 HIV-1-infected donors (not shown).
in DOM-ATK9-DOM and a glutamate [E] in sub-ATK9-sub). We exchanged these residues in DOM-ATK9-DOM (yielding DOMe-ATK9-DOM) and sub-ATK9-sub (subI-ATK9-sub) and analyzed ATK9 production and the antigenicity of digestion products (Figure 5, A and B) . Introducing an E upstream of ATK9 into DOM-ATK9-DOM reduced ATK9 production by 4.3-fold and reduced CTL lysis (29.6% vs. 43% after 60 minutes). The antigenicity of DOMe-ATK9-DOM degradation products was still higher than that of sub-ATK9-sub, likely due to the production of hybrid ATK9 peptides with short extensions capable of triggering CTL response. Conversely, introducing an isoleucine upstream of ATK9 into sub-ATK9-sub increased ATK9 production by 1.8-fold and doubled the CTL-induced lysis (33.1% vs. 16.1% after 60 minutes). Together these data show that a single flanking residue change can modulate epitope production and accordingly affect the CTL response.
The cytosolic digestion experiments showed that during the degradation of Gag 17-mer or 32-mer (Figure 2, A and C) , the most frequent cleavage site is after K at position 1 in KK9, destroying KK9 and producing RK9 peptides with a 1-residue N extension. We hypothesized that we could use this specific cleavage site to increase reporter epitope presentation. We compared the degradation of DOM-ATK9-DOM (RWEKI-ATK9-KYK) to that of DRWEK-ATK9-KYK, which bears Gag flanking sequences shifted upstream by 1 residue (named DOM+1-ATK9-DOM+1) ( Figure 5C ). We observed that DOM+1-ATK9-DOM+1 produced 1.7-fold more ATK9 than DOM-ATK9-DOM, which already generated 3.2 times more ATK9 than WT-ATK9-WT. In addition, the processing of ATK9 from DOM+1-ATK9-DOM+1 was faster and more efficient than that of WT-ATK9-WT. Consistent with this result, the CTL response generated by DOM+1-ATK9-DOM+1 was the most efficient of all hybrid peptides, with 59.7% lysis for the 10-minute digestion products. These results provide the initial examples of portable dominance sequences that can be placed in front of a CTL epitope to increase or decrease its production as well as its antigenicity.
Portable flanking sequences modulate the endogenous processing and presentation of epitopes. In order to test the effect of portable flanking sequences on endogenous epitope presentation, we adapted a transfection method of ovalbumin by osmotic lysis of pinosomes to our assay (74) . Gag 17-mer used for in vitro epitope processing was introduced into cells by osmotic loading. The presentation of RK9 and KK9 was assessed by 51 Cr assay ( Figure 6A ). Cells were efficiently recognized by RK9 CTLs (40.1%) and poorly by KK9 CTLs (4.9%). These results are remarkably similar to those obtained with target cells stably expressing p17 (35.5% and 4.5% lysis, Figure 1A ) and to cells pulsed with in vitro degradation products of Gag 17-mer (33.3%-37.6% and 6.4%-0.3% lysis, Figure 3) . Preincubation of cells with inhibitors of proteasomes (MG132), tripeptidyl peptidase II (TPPII) (butabindide), or aminopeptidases (bestatin) before transfection and throughout the experiment reduced the recognition of RK9 by 51.5, 31.9, and 31.3% respectively, showing that the processing of RK9 relies on these 3 peptidases ( Figure 6B ). The in vitro degradation assay of Gag 17-mer , squares) , or sub-ATK9-sub (ss, triangles) were used at 0.05 μg/ml to pulse 51 Crlabeled HLA-A3 B cells used as targets in a 51 Cr release assay using ATK9-specific CTLs (lower right panel). (B) Similar to A except that the 4 hybrid peptides used for the digestion experiment were DOM-ATK9-DOM, sub-ATK9-sub, DOM-ATK9-sub, and sub-ATK9-DOM. 100% corresponds to the amount of ATK9 produced in 1 hour during the degradation of DOM-ATK9-DOM. Digestion products from 5R-ATK9-3R (DD, squares), sub-ATK9-sub (ss, filled triangles), DOM-ATK9-sub (Ds, diamonds) and sub-ATK9-DOM (sD, open triangles) were used at 0.05 μg/ml to pulse 51 Cr-labeled HLA-A3 + B cells used as targets in a 51 Cr release assay using ATK9-specific CTLs (lower right panel). Data are the average of 3 experiments performed with extracts from 3 healthy donors.
performed in the presence of various peptidase inhibitors allowed us to confirm and detail the involvement of these peptidases in the processing of RK9 and KK9 (Supplemental Figure 4) . The degradation of Gag 17-mer 5-RK9-3 into 5-RK9-2 was dependent on proteasome whereas the degradation of 5-RK9-2 into shorter peptides such as 2/1RK9 relied on TPPII and aminopeptidases.
We then tested the endogenous processing and presentation of ATK9 from peptides with WT or hybrid flanking sequences introduced in cells by osmotic loading (Figure 6C ). In accordance with in vitro epitope processing experiments (Figures 4 and 5) , the insertion of DOM flanking sequences increased the killing of transfected cells by a factor of 3.1 (36.2% lysis vs. 11.8% for WT sequence) whereas the killing of cells transfected with sub-ATK9-sub was only 0.6-fold that of WT (7% lysis vs. 11.8% for WT sequences). The driving role of N flanking residues in efficient ATK9 production was confirmed as cells expressing DOM-ATK9-sub were more efficiently lysed than those expressing sub-ATK9-DOM (25.7 vs. 9.5%). Point mutations of N-flanking residues (DOMe-ATK9-DOM and subI-ATK9-sub) respectively decreased and increased the lysis of transfected cells compared with their WT counterparts in accordance with the critical role of this N flanking residue in ATK9 production shown in Figure 5 . In order to roughly assess the number of antigenic complexes presented by cells transfected with these peptides, we calculated the amount of ATK9 required to reach the lysis percentage of transfected cells ( Figure 6D ). Cells transfected with DOM-ATK9-DOM and DOM-ATK9-sub displayed the most antigenic peptides (4.5- and 3.7-fold more equivalent ATK9 than from WT sequences) whereas sub-ATK9-sub produced 2 times less antigenic complexes than WT. This is in accordance with the in vitro production of ATK9 (compare ATK9 percentages in Figures 4 and 5 and Figure 6D ).
Figure 5
Point mutations in the N terminal portable sequences alter epitope production. (A) The in vitro degradation of 8 nmol of peptides DOM-ATK9-DOM, DOMe-ATK9-DOM (where flanking I is mutated to E), and sub-ATK9-sub was performed as described in the Figure 4 legend. The amount of ATK9 produced at time 60 was analyzed by mass spectrometry and RP-HPLC. 100% corresponds to the amount of ATK9 produced in 1 hour during DOM-ATK9-DOM degradation (lower left panel). The digestion products from DOM-ATK9-DOM (DD, filled squares), DOMe-ATK9-DOM (DeD, open squares) , and sub-ATK9-sub (ss, triangles) were used at 0.05 μg/ml to pulse 51 Cr-labeled HLA-A3 + B cells used as targets in a 51 Cr release assay using ATK9-specific CTLs. (B) Similar to A except that the 3 peptides were sub-ATK9-sub, subI-ATK9-sub (where flanking E is replaced by I), and DOM-ATK9-sub. 100% corresponds to the amount of ATK9 produced in 1 hour during sub-ATK9-sub degradation. The digestion products from DOM-ATK9-sub (Ds, diamonds), subI-ATK9-sub (sIs, open triangles), and sub-ATK9-sub (ss, triangles) were used in a 51 Cr release assay as in A. (C) Similar to A except that the 3 peptides were WT-ATK9-WT, DOM-ATK9-DOM, and DOM+1-ATK9-DOM+1 (Gag flanking sequences shifted by 1 residue). 100% corresponds to the amount of ATK9 produced in 1 hour during WT-ATK9-WT degradation. The digestion products from WT-ATK9-WT (WT, Xs), DOM-ATK9-DOM (DD, squares), and DOM+1-ATK9-DOM+1 (DD+1, circles) were used in a 51 Cr release assay as in A. Data are the average of 3 experiments performed with extracts from 3 healthy donors.
These results demonstrate that portable flanking sequences can alter the endogenous processing of epitopes they surround and their subsequent antigenicity. Furthermore, they show the biological relevance of our in vitro epitope production assay by showing striking similarities in the production of epitopes and antigenicity of cells regardless of whether the epitope is endogenously produced in target cells or processed in vitro in cell extracts.
Discussion
In human viral infections, the relationship between kinetics and magnitude of antigen-processing products and immunodominance is not known. Although most current measurements of human CD8 + T cell responses rely on peptide pulsing of antigenpresenting cells, this method circumvents a number of critical steps, including epitope processing in the cytosol and ER, loading onto MHC-I molecules, and ultimately presentation at the cell surface. Here we show that the endogenous processing and presentation of the HLA-A3-restricted immunodominant Gag epitope RK9 is faster and more efficient than that of subdominant Gag KK9 and Pol ATK9 epitopes presented by the same allele (Figure 1 ).
Using synthetic peptides containing overlapping Gag epitopes presented by HLA-A3 together with cell extracts containing natural processing enzymes, we demonstrate an association between the magnitude and kinetics of antigen processing and the immunodominance observed in vivo in a human viral infection.
Since these studies focused on overlapping epitopes derived from the same precursor peptide and presented by the same HLA class I allele, they allowed direct assessment of processing variables that are independent of HLA. Our results show the preferential production of peptides encompassing the immunodominant RK9 epitope and a progressive cytosolic degradation of the subdominant KK9 epitope. These data correlate with a stronger RK9 CTL response and a weaker KK9 CTL response induced by these digestion products and also with a more efficient endogenous processing and presentation of the immunodominant epitope. Further studies will be necessary to define the contribution of antigen processing to the immunodominance of epitopes restricted by HLA alleles other than HLA-A3 and processed through different pathways.
Mutations in N or C flanking residues affecting CTL responses in mouse models (53, 75) , HCV (58) , and HIV (56) have been identified, but the extent to which flanking polymorphisms may have an effect on viral epitope processing and eventually CTL responses is unknown. Our studies show differential cytosolic production of an immunodominant and subdominant epitope and establish a model system to evaluate the specific contribution of individual flanking residues in this process that can be used to define the role of individual amino acids in peptide cleavage. Using hybrid sequences that included an additional A3-restricted epitope (ATK9) and the N and C terminal flanking residues of RK9 and KK9, we show that although all of these hybrid peptides generate ATK9, there are major effects of WT and substituted flanking sequences on the quantity of antigenic peptides produced. Furthermore, peptide transfection by osmotic loading confirms that the endogenous processing of these hybrid sequences results in similar differences in epitope production and antigenicity as the in vitro degradation assay, providing strong support for the biological relevance of this in vitro degradation assay. The effects of these portable flanking sequences were extended to 2 additional subdominant epitopes, HLA-A3 QK10 and ALK9 in Nef, for which the dominant flanking sequences increased epitope production Figure 1C ). 100% was assigned to the amount of pulsed ATK9 required to reach the same lysis as in WT-ATK9-WT-transfected cells (5.8 nM). The equivalent ATK9 in cells transfected with hybrid sequences was calculated similarly. Data are the average of 3 experiments. by 4.9-and 1.8-fold, respectively, and subdominant flanking decreased epitope production by 1.8-fold and 1.3-fold, respectively (Supplemental Figure 5) . The modest effect of flanking sequences on ALK9 is likely due to a greater sensitivity of ALK9 sequence to peptidase degradation (not shown). Overall, these results identify portable flanking sequences altering the production of the epitopes they surround. These portable flanking sequences provide a potential means to manipulate and control the expression of epitopes in vaccine vectors.
Using PBMC extracts or peptide-transfected cells preincubated with various peptidase inhibitors, we observed that the processing of Gag 17-mer requires proteasome to cleave the last C terminal residue and that further trimming steps rely on TPPII and aminometallopeptidases ( Figure 6B and Supplemental Figure 5 ). Similarly, the processing of WT-ATK9-WT relies on proteasome, TPPII, and amino-metallopeptidases (not shown). The higher production of ATK9 from DOM-ATK9-DOM than from WT-ATK9-WT may correspond to the presence of residues that are better substrates for peptidases involved in ATK9 processing. TPPII cleaves preferentially after K and R (76), and we have shown that amino-metallopeptidases present in PBMC extracts cleave efficiently after K and R and not after E (Le Gall et al., unpublished observations). The degradation of the Gag 17-mer as well as DOM-ATK9-DOM shows frequent cleavages after K or R (see Figure 2 , A and B, and Supplemental Figure 2 ). In accordance with our hypothesis about peptidase substrate preferences, the chimeric peptide producing the largest amount of ATK9 is DRWEK-ATK9-KYK, in which both N and C terminal flanking residues are K, suggesting that these flanking sequences are optimal for efficient ATK9 epitope processing whereas hybrid peptides with a flanking E yielded the lowest amount of ATK9 and antigenicity ( Figure 5 ).
Besides the magnitude and efficiency of epitope production, the translocation of peptides produced in the cytosol into the ER through TAP may contribute to immunodominance by limiting ER access to peptides with higher affinity for TAP (34, 46) . The second residue and the C terminal anchor of the peptide define its affinity for TAP (77) . RK9 and KK9 have the same C terminal anchor. Since they overlap by 7 residues, many N-extended RK9 and KK9 will have the same residue at position 2 (for instance, 2-RK9 and KK9). In vitro TAP translocation experiments showed that peptides with L or I at position 2 (such as RK9, KK9, and ATK9) or W, E, and K (such as N-extended RK9 or KK9) bind to TAP with similar efficiency, suggesting that optimal and N-extended KK9 and RK9 may have similar affinity for TAP (77) . Therefore it is unlikely that the affinity of optimal and extended epitopes for TAP plays a major role in RK9 immunodominance.
The immunogenicity of vaccine candidates for HIV and other human viral pathogens such as HCV will likely require efficient induction of strong antiviral CD8 + T cell responses (1, 2, 4) . Because these viruses are highly variable, final selection of the actual residues that will be used in the immunogen will require careful consideration (78) . Our results indicate that it will not only be important to consider the sequences of individual epitopes selected but also the impact of flanking residues on epitope processing. Whether changing the kinetics and amount of epitopes and precursors is sufficient to alter immunogenicity and dominance will need to be further evaluated in primate or humanized mouse models. Whether the candidate vaccine contains strings of WT and/or variant epitopes or immunogenic regions of the virus, assessing epitope production from vectors in a relevant human cell type will be important since some epitopes may be limited in their immunogenicity simply because of inefficient epitope processing. Shifting epitopes between viral proteins alters epitope density and immunodominance patterns in inbred mouse models (48, 51, 79) . Spacers intercalated in strings of epitopes of multiepitopic vectors increase epitope presentation and immunogenicity (51, 80) . In situations where subdominant responses are seen to contribute to the control of viral replication whereas some immunodominant responses may need to be eliminated (22, 28) , it may become necessary to manipulate epitope production in such a way that dominance would be redirected to broader CTL responses. Yet no systematic identification of portable elements altering epitope presentation has been undertaken. Our data indicate that a single amino acid change in a flanking residue can greatly reduce the CTL response whereas others can augment kinetics and production of the relevant peptides. The definition of predictable effects of flanking regions on epitope processing and the demonstration that portable flanking sequences could be used to modulate epitope production provide an important mechanism to optimize epitope presentation. This study provides tools and rationale to further identify sequences that will alter CTL epitope processing and introduces what we believe is a novel method to modulate the immunogenicity of candidate vaccine vectors.
Methods
Peptides. Peptides were synthesized on an AAPPPTEC Apex 396 multiple peptide synthesizer at the MGH peptide core and purified by RP-HPLC. The purity of the peptides assessed by mass spectrometry was greater than 95%. Peptide sequences were confirmed by mass spectrometry.
Cell culture. EBV-immortalized HLA-A3 B cells were as described (56) . HeLa cells stably expressing HLA-A3 (gift from J. Kessler, Leiden University Medical Center, Leiden, The Netherlands) were maintained as described (81) with 0.4 mg/ml G418 (Sigma-Aldrich). RK9-specific, KK9-specific, and ATK9-specific CTL clones were isolated by limiting dilution and maintained in the presence of 50 U/ml IL-2 (R10-IL2) using the CD3-specific mAb 12F6 and irradiated feeder cells as stimulus for T cell proliferation (56, 67, 68) .
HIV-1-negative individuals enrolled at the MGH were included in this study. The MGH Institutional Review Board approved the study, and each subject gave informed consent for participation. PBMCs were separated from whole blood by Ficoll-Hypaque (Sigma-Aldrich) density gradient centrifugation. PHA-stimulated PBMCs were obtained by incubating PBMCs at 5-10 × 10 6 /ml from healthy donors in R10-IL2 with 0.25 μg/ml PHA for 48 hours.
DNA constructs. HIV-1 LAV p17 was amplified by PCR (5′ primer, GGT-GCCACCATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGA-ATTAG; 3′ primer, GCCACCGCCTCAGTAATTTTGGCTGACCTG-GCT) with the following amplification conditions: 3 minutes at 94°C, 35 cycles of 30 seconds at 94°C, 30 seconds at 75°C, and 90 seconds at 72°C. The PCR product was cloned into a TA-GW8 cloning vector (Invitrogen) according to the manufacturer's instructions and sequenced. The p17 insert was cloned into a pcDNA3 expression vector (Invitrogen) according to the manufacturer's instructions. The p17-expressing vector was checked by restriction digestion and sequencing of the p17 insert. A fragment of HIV-1 LAV RT (residues 153-560 according to HXB2 nomenclature) with a p17 C terminal tag (RWEKIRLRP-GGKKKYKL; 5-RK9-3) was cloned with a similar procedure with the following primers (5′-AGGTGGCGGCCACCATGGGATGGAAAGGAT-CACCAGCAATATTCCAAAGTAGCATGACAAAAATCTTAGAGCCTTT-TAG; 3′-GCCACCGCCTCATAACTTGTATTTTGTCATGCTACTTTG-GAATATTGCTCCGATCTTTTCCCTGGC).
Endogenous processing of HIV epitopes. 2 × 10 6 HeLa A3 cells were transiently transfected with 5 μg p17 or RT vector with Lipofectamine according to the manufacturer's instructions along with 0.1 μg CMV-GFP (Invitrogen). Transfection efficiency assessed by GFP expression was 50%-60%, and dead cells were at less than 4%. Sixteen hours later, mock-, 51 Cr-labeled p17- or RT-transfected HeLa-A3 were used as targets in a 51 Cr release assay as described (81) . RK9-specific, KK9-specific, or ATK9-specific CTL clones were added at a 4:1 ratio and incubated 4 hours with target cells. Cell lysis was calculated as [( 51 Cr release due to peptide - spontaneous release)/(total release - spontaneous release)] × 100. These values were compared with the lysis of HLA-A3 + B cells pulsed with 20 nM to 0.5 μM of optimal RK9, KK9, and ATK9, respectively, diluted in RPMI medium without serum (R + ). RK9-specific and KK9-specific CTL clones did not recognize KK9-pulsed and RK9-pulsed cells, respectively (lysis <3%). The lysis of HLA-A3 HeLa cells in mock-transfected cells by RK9-, KK9-, or ATK9-specific CTL clones was less than 2%. Stable lines expressing p17 were derived under 10 μg/ml blasticydin selection as described in ref. 81 and similarly used as targets in a 51 Cr assay (not shown).
Alternatively, B cell line or HLA-A3 HeLa cells were transfected with 17-mer HIV peptides by osmotic loading, a technique adapted from ref. 74 . 2 × 10 6 cells were incubated at 37°C for 10 minutes with 100 to 300 ng peptides in 500 μl hyperosmotic buffer followed by 3 minutes in 15 ml hypotonic buffer (60% R + in water). Cells were resuspended in 500 μl R + and used as targets in a 51 Cr release assay as described above (dead cells <2%). When indicated, cells were preincubated with MG132 (10 μM), butabindide (150 μM), or bestatin (120 μM) for 45 minutes before transfection and throughout the transfection and 51 Cr labeling processes. Upon addition of the CTLs, the concentrations of the drugs were reduced by half and did not affect CTL killing capacity (not shown).
Cell extract preparation. PBMCs were resuspended in a pH 7.4 buffer containing 50 mM potassium acetate (KAc), 5 mM magnesium chloride (MgCl2), 1 mM ATP, 0.5 mM EDTA, and 10% glycerol. They were broken by agitation with glass beads (75 to 85% broken cells as assessed by Trypan blue), and whole extracts were separated from nuclei, debris, and unbroken cells by a 5-minute 1,000 g spin followed by 10 minutes at 10,000 g to remove mitochondria. Cytosol was purified by 2 20-minute 105,000 g spins at 4 degrees. Protein concentration was measured with a Bio-Rad protein assay kit according to the manufacturer's instructions. Protein content was checked by Western blot against various proteasome subunits and actin. For each preparation, proteasome and aminopeptidase activities were measured with specific fluorogenic substrates as described (82) . Variations in antigen-processing activities among donors were below 15%.
HIV epitope processing assays. 8 nmol of purified peptides were incubated with 40 μg cytosol or whole-cell extracts in 100 μl pH7.4 buffer containing 137 mM KAc, 1 mM MgCl2, and 1 mM ATP. Aliquots were taken at various time points, and the reaction was stopped with 0.3% trifluoroacetic acid (TFA).
The peptides present in the digestion mix were identified and quantified by RP-HPLC as described previously (56) . In brief, peptides were fractionated on a Biosuite 4.6 × 50 mm 3 μm C18 column (Waters) in TFA (0.03%) and eluted on a linear gradient (0 to 40% acetonitrile and 0.02 to 0.05% TFA). The column was calibrated with defined amounts of peptides covering the corresponding HIV sequence. Each peptide, the original undigested peptide or shorter peptides produced during digestion in extracts, corresponded to a distinct peak the surface of which is proportional to the peptide concentration. The amount of peptides was calculated by the integration of peptide peaks. The identity of each peak was determined by comparing its elution time to that of known synthetic peptides covering HIV sequences. The identity of the peptides in the digestion mix was confirmed by mass spectrometry (Taplin Mass Spectrometry Facility, Harvard Medical School).
Antigenicity of the processing products. Peptides present in the digestion mix were purified by 10% trichloroacetic acid precipitation and diluted in RPMI without serum; pH was readjusted to 7.4. 51 Cr-labeled HLA-A3 + B cells were pulsed with digestion products (0.5 μg/ml for Gag 17-mer and 32-mer; 0.05 μg/ml for WT and hybrid ATK9 peptides) for 30 minutes at 37°C in the absence of serum. Killing assays with RK9-, KK9-, or ATK9-specific CTL clones at a 4:1 ratio were performed as described above. The lysis percentages were compared with the lysis of HLA-A3 + B cells pulsed with the undigested peptides (Gag 17-mer or 32-mer or hybrid peptides), optimal epitopes (KK9, RK9, or ATK9), and various extended peptides containing either epitope at concentrations ranging from 0 to 0.5 μg/ml.
Statistics. Means and standard deviations were calculated with Microsoft Excel.
